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In this paper we present a phenomenological analysis of the Partially Aligned Two Higgs
Doublet Model (PA-2HDM) by using leptonic decays of mesons and B0d,s-B¯
0
d,s mixing.
We focus our attention in a scenario where the leading contribution to FCNC is given
by the tree level interaction with the light pseudoscalar A0 (MA0 ∼ 250 GeV). We show
how an underlying flavor symmetry controls FCNC in the quark and lepton couplings
with the pseudoscalar, without alignment between Yukawa matrices. Upper bounds on
the free parameters are calculated in the context of the leptonic decays B0s,d → µ+µ−
and K0L → µ+µ− and B0s,d mixing. Also, our assumptions implies that bounds on New
Physics contribution in the quark sector coming from B0s,d mixing impose an upper bound
on the parameters for the leptonic sector. Finally we give predictions of branching ratios
∗Corresponding author.
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for leptonic decay of mesons with FCNC and LFV.
Keywords: 2HDM; Phenomenology; B mesons; Flavor Physics.
PACS numbers:11.30.Hv, 12.15.Ff, 13.20.-v, 14.80Cp
1. Introduction
Up to the present day, no experimental result in particle physics has significantly
deviated from the theoretical predictions of the Standard Model (SM).1 However,
there is a widespread consensus on the need for a more fundamental theory to ad-
dress the open questions left unexplained by the SM. Despite some small signs of
non-universality in leptonic gauge couplings and some tensions in the measurements
of meson decays, to mention some examples, there is a pronounced lack of infor-
mation guiding the search for new physics that can address open questions like the
flavor problem or the nature of dark matter.
In this uncertain view, the Two Higgs Doublet Model (2HDM)2,3 plays a role
as a minimal extension of the SM and a suitable way to parameterize new physics.
By itself, this model does not solve the open problems of the Standard Model but
it can be thought as an intermediate framework in the search of more fundamen-
tal explanations. Without new symmetries, this model introduces Flavor Changing
Neutral Currents (FCNC) at tree level, in contrast with the SM where they are
absent. The different versions of the 2HDM are determined by the way FCNC are
suppressed.
The 2HDM type I4,5 and 2HDM type II6 versions impose discrete symmetries
Z2 in the scalar sector with the goal of eliminating FCNC at tree level, generating
models with Natural Flavor Conservation (NFC).7
In other versions of the 2HDM, where small FCNC appear at tree level, another
suppression mechanism is needed. This occurs, for example, in the 2HDM type III
(2HDM-III)8–11 where the control of the FCNC is achieved through constraints on
the non-SM interactions that generate a hierarchy in the matrix elements of the
Yukawa matrix,12 or through the use of a suitable texture13,14 with the Cheng
and Sher ansatz.15 A Yukawa texture matrix is a term that refers to the specific
way to put zeros in some entries of the matrices and the hierarchy of the non-zero
values coming from flavor symmetries beyond SM. The relation between discrete
symmetries and zero-textures has been extensively studied.16
Another way to eliminate FCNC is through the alignment between Yukawa ma-
trices, leading to additional phenomenology of the 2HDM.17,18 Aligment of Yukawa
matrices is a sufficient condition to diagonalize mass matrix of fermions eliminating
tree level FCNC. As previous works have shown, the alignment is not necessarily
stable under renormalization group flow.19 Also alignment is not a necessary con-
dition, but a less restrictive condition: the products Y f1 Y
f†
2 and Y
f
2 Y
f†
1 should be
normal matrices.20
Many analysis as in references 21–26, argued that scalar extensions of the SM
August 27, 2019 1:56 WSPC/INSTRUCTION FILE paper˙IJPA˙to˙arXiv
PHENOMENOLOGY OF THE PA2HDM WITH LEPTONIC MESON DECAYS 3
cannot contain FCNC at tree level in order to fullfill the restrictions imposed by
K0−K¯0 andB0d−B¯0d mixing. Experimental results show a noticeable agreement with
SM, leaving only a small window for NP contributions without new assumptions. As
it was pointed out by Xiao and Guo22 and others, such suppression makes reasonable
to assume that Yukawa couplings with fermions involving the first generation are
zero. As a consequence, the main contribution to neutral meson mixing comes from
box and penguin diagrams with charged scalars, as well as for the decays B0s,d →
µ+µ− and K0L → µ+µ−.
Nevertheless, in an era of precision measurements in B factories, we consider
these assumptions too restrictive. Instead, we perform a phenomenological analysis
with updated experimental results and lattice predictions on decay constants of
meson in order to estimate the order of magnitude of the Yukawa couplings with a
light pseudoscalar. Also, to complete our analysis, we explore masses of the order
of TeV.
In this paper, we take a look at the constraints suggested by flavor phenomenol-
ogy, in particular those coming from flavor violating processes, in the context of
the Partially Aligned 2HDM scenario (PA-2HDM).27 This analysis parameterizes
the non-standard Yukawa matrix elements using the Cheng and Sher ansatz in a
generic sense, in order to ease comparison with the literature where the 2HDM-III
has been studied. In particular, we choose a parametrization where the coupling
of the scalars and fermions takes the form of a modified 2HDM-II but with non
diagonal contributions.
We analize the impact on the Yukawa matrix elements coming by setting to
zero the elements related with the couplings of the pseudoscalar with fermions of
one generation per time. These zeros come from a specific flavor transformation on
the mass matrix, that corresponds to a subgroup of SU(3). The subgroups con-
sidered here are the Iso-Spin, V-Spin and U-Spin. Also, we assume that the same
parametrization for quarks is valid for leptons and the only difference is regulated
by the hierarchy of masses. This suggest the existence of a Universal Texture similar
to those mentioned by Y. Koide (see for instance 28 and references therein), but in
a different level. This assumption allows to relate bounds on the quark sector with
bounds in the leptonic sector.
We consider textures with pairwise fermion family mixing. Similar textures are
often associated with discrete symmetries, like the nearest-neighbour interaction
(NNI) texture29 obtained from a Z4 flavor group.
Instead of assuming only the case where the couplings with the first generation
are zero,8,22,26 we analize the three possibilities to bound the couplings and the
mass of the pseudoscalar A0 coming from the 2HDM. In this sense, the suppresion
of FCNC in the leptonic decay of mesons is the consequence of three aspects: (i) a
symmetry in the potential, (ii) the dependence of couplings in terms of the hierachy
of masses (a feature that comes from the PA-2HDM) and (iii) the restrictions from
B0s−B¯0s and B0d−B¯0d mixing. Notably, the symmetry that set some Yukawa elements
to zero is lifted to a continuous U(1) symmetry when the scalar potential is included;
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as it was shown by Ivanov,30 the smallest setup that can include a Z4 symmetry
is a Three Higgs Doublet Model (3HDM). In principle, this may be inconvenient
because a light Goldstone boson will appear in the spontaneous symmetry breaking
(SSB) phase. In our model, we do not take into account such problems, considering
the 2HDM model a special case of the 3HDM with an additional flavor symmetry
US(1)× SUF (3) that decoupled the third doublet of this model.
In order to test the phenomenological viability of every subgroup of flavor trans-
formations, we use the channels K0L → µ+µ−, B0d → µ+µ− and B0s → µ+µ−,
because these are the most sensitive models with FCNC. To set the order of magni-
tude on the parameters of the flavor transformations, we use B0s − B¯0s and B0d − B¯0d
mixing.
This paper is organized as follows; in section 2 we describe the relation between
the pairwise-mixing textures of the extra Yukawa matrices and general flavor trans-
formations in the mass basis. Also, the couplings of the PA-2HDM are deduced and
we define the relevant parameters of the model. In section 3, we set restrictions
on the parameters of the flavor transformation from the phenomenological effective
analysis of meson decays. In section 4 we give our conclusions.
2. Flavor symmetries and the PA-2HDM
The Yukawa Lagrangian in a general 2HDM is given by
−LY = Q¯Li
[
Y da,ijΦaDRj + Y
u
a,ijΦ˜aURj
]
+L¯LiY
`
a,ijΦaERj + H.c., (1)
where i, j are flavor indexes and a = 1, 2. QLi = (ULi, DLi) and LLi = (NLi, ELi)
are the fermion SU(2) doublets, and DRj and URj are the fermion singlets. After
SSB, the mass matrix for every sector is given by
Mfij =
1√
2
(
v1Y
f
1,ij + v2Y
f
2,ij
)
, (2)
where f = u, d, ` and v1 and v2 are the vacuum expectation values (VEV) of each
doublet. We use (2) to write down the Feynman rules in terms of the mass matrix
Mfij and Y
f
2,ij for the couplings of down-type quarks and leptons. This allows us
to write interactions as deviations from the 2HDM-II, the most studied version of
the 2HDM because it represents a low energy limit of the Yukawa sector of the
MSSM.31,32
Without loss of generality, we can parameterize the Y f2,ij contributions with a
flavor transformation of the following form
Y f2,ij =
1
v
(
Af2LM
fAf2R
)
ij
. (3)
where v2 = v21 + v
2
2 and A
f
2L(R) are SU(3) matrices.
33
We want to point out that in the PA-2HDM27 the mechanism to suppress FCNC
comes from flavor symmetries introduced by A2L(R) matrices. In this sense, we start
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from a generic 2HDM without prior assumptions on the Yukawa matrix elements
as in the 2HDM-III, where the Cheng and Sher ansatz controls the FCNC,9,10 thus
we express the Yukawa matrix elements as
Y f2,ij =
√
mfim
f
j
v
χf2,ij , for f = d, ` (4)
where the parameter χf2,ij takes any complex value. Although the expression (4)
was proposed in the context of the 2HDM-III, in this work we also take the same
parametrization in order to quantify the differences of this model respect to the
PA-2HDM. The mass basis is defined by a set of unitary transformations on the
fermion fields: UL(R)i = V
u
L(R),ijuL(R)j , DL(R)i = V
d
L(R),ijdL(R)j and EL(R)i =
V `L(R),ij`L(R)j , that diagonalize the mass matrix (2) to M˜
f = diag
(
mf1 ,m
f
2 ,m
f
3
)
.
In the mass basis, the free parameters of the 2HDM take the following form
χ˜f2,ij =
1√
mfim
f
j
3∑
k=1
mfk(A˜
f
2L)ik(A˜
f
2R)kj (5)
where χ˜f2,ij = V
f†
L χ
f
2,ijV
f
R and A˜
f
2L(R) = V
f†
L A
f
2L(R)V
f
R represent the transformation
from the flavor basis to the mass basis. The expression (5) allows us to explore
different scenarios compared with the 2HDM-III and also different mechanisms to
control FCNC.
From equation (5), we can observe that in order to avoid large FCNC com-
ing from the heaviest fermion mass mf3 , at least the elements (A˜
f
aL)i3  1; other
terms might vanish if flavor symmetries are considered. Indeed, there can be several
symmetries consistent with a particular texture in the Yukawa sector.
To track the suppression of the FCNC, coming from the scalar mass scale and
an underlying flavor symmetry, we introduce additional hypotesis to reduce the
number of free parameters to analyse the phenomenological consequences. In order
to develope this study, we take the simplest approach by choosing flavor transfor-
mations (3) that mix only two generations at a time, thus we make the following
assumptions:27,33
(1) The Yukawa matrices are hermitians. This is always possible through weak basis
transformations and it is phenomenologically viable.
(2) The matrices A˜f2L and A˜
f
2R are SU(3) matrices that belong to a particular
subgroup, i.e. U-Spin, V-Spin or Isopin. An underlying flavor symmetry on the
fermions and Higgs doublets could lead to small FCNC and in some cases to
none.
(3) In order to reduce the number of free parameters, we assume A˜f2L = A˜
f†
2R, which
means that the mass matrix transformation is unitary. For simplicity, we will
omit the index 2R and 2L.
In leptonic and semileptonic decays of mesons with down-type quarks, we get 9
combinations of the subgroups of SU(3). In the simplest scenario, where the same
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subgroup describes the leptonic and down-type Yukawa couplings, we have 8 free
parameters, 4 for each sector. In order to evaluate the phenomenological viability of
the PA-2HDM, we assume exactly the same transformation for every sector and then
we reduce the number of free parameters to four. One of the free parameters is the
complex phase of non diagonal Yukawa matrix elements; its effect on the branching
ratio, coming from the pseudoscalar interaction, can be relevant when there is flavor
changing at tree level for quarks and, on the other hand, conservation of leptonic
flavor. Nevertheless, in the present work we will set this phase to zero.
With these conditions, we have three possibilities for the matrices A˜f ’s that mix
generations. And they can be written using the Gell-Mann matrices as a basis as
follows:
A˜f,X = cX0 + c
X cos θXλi + c
X sin θXλj + c
X
3 λk, (6)
where X = {I, U, V } and λi = {λ1, λ4, λ6}, λj = {λ2, λ5, λ7} and λk = {λ3, 12 (λ3 +√
3λ8),
1
2 (λ3 −
√
3λ8)} are chosen according to the subgroup that describes the
mixing of fermions, the parameters cI,U,V0,3 and c
I,U,V are real, and cI,U,V > 0. The
explicit form of the A˜f,X matrices is shown in Table 1.
Table 1. Here, we show the matrix elements in terms of the trans-
formation parameters cX when we consider only one subgroup of
SU(3) at a time. This leads to the mixing of two generations that
restrict the FCNC contribution to only a small number of decays.
Subgroup A˜f,X Basis (λi, λj , λk)
Iso-Spin
 cI3 + cI0 cIeiθI 0cIe−iθI cI0 − cI3 0
0 0 cI0
 λ1, λ2, λ3
U-Spin
 cU3 + cU0 0 cUeiθU0 cU0 0
cUe−iθU 0 cU0 − cU3
 λ4, λ5, 12 (λ3 +√3λ8)
V-Spin
 cV0 0 00 cV0 + cV3 cV eiθV
0 cV e−iθV cV0 − cV3
 λ6, λ7, 12 (λ3 −√3λ8)
The zeros in the Yukawa matrices can be set up by following methods widely
studied.16,34,35 Textures matrices13 and abelian symmetries are related via the
Smith normal form. Discrete abelian symmetries of the Yukawa Lagrangian may
be non minimally realized when the scalar potential is considered, and therefore
lifted to continuos U(1) symmetries. There are more possibilities, related to non-
abelian groups, that will not be explored in this work.
With the above assumptions and considering that the Yukawa matrices are her-
mitian, i.e. χ˜f2,ji = (χ˜
f
2,ij)
∗, we can obtain the explicit expressions for χ˜’s shown
below.
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For the Iso-Spin texture, we obtain the equations
χ˜f2,11 = (c
I
0 + c
I
3)
2 +
mf2
mf1
(cI)2 (7)
χ˜f2,22 = (c
I
0 − cI3)2 +
mf1
mf2
(cI)2 (8)
χ˜f2,33 = (c
I
0)
2 (9)
χ˜f2,12 = c
IeiθI
[√
mf1
mf2
(cI0 + c
I
3) +
√
mf2
mf1
(cI0 − cI3)
]
(10)
and χ˜f2,13 = χ˜
f
2,23 = 0.
For the U-Spin texture, the expressions are given by
χ˜f2,11 = (c
U
0 + c
U
3 )
2 +
mf3
mf1
(cU )2 (11)
χ˜f2,22 = (c
U
0 )
2 (12)
χ˜f2,33 = (c
U
0 − cU3 )2 +
mf1
mf3
(cU )2 (13)
χ˜f2,13 = c
UeiθU
[√
mf1
mf3
(cU0 + c
U
3 ) +
√
mf3
mf1
(cU0 − cU3 )
]
(14)
with χ˜f2,23 = χ˜
f
2,12 = 0.
And for the V-Spin texture, the parameters are given by
χ˜f2,11 = (c
V
0 )
2 (15)
χ˜f2,22 = (c
V
0 + c
V
3 )
2 +
mf3
mf2
(cV )2 (16)
χ˜f2,33 = (c
V
0 − cV3 )2 +
mf2
mf3
(cV )2 (17)
χ˜f2,23 = c
V eiθV
[√
mf2
mf3
(cV0 + c
V
3 ) +
√
mf3
mf2
(cV0 − cV3 )
]
(18)
with χ˜f2,13 = χ˜
f
2,12 = 0.
In cases with highly hierarchical fermion masses and in order to control FCNC,
it is expected that cI,U,V0 ' cI,U,V3 . As the masses of quarks and charged leptons are
highly hierarchical, the relation cI,U,V0 = c
I,U,V
3 suppresses the problematic term that
appears in the χ’s expressions with the factor
√
mfi
mfj
where mfi >> m
f
j . However,
we will keep these contributions in our numerical analysis. For the neutrino sector
in this parametrization, cI,U,V0 and c
I,U,V
3 could be very different because of their
unknown mass hierarchy.
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3. Phenomenology of the Leptonic Meson decays in the PA-2HDM
In order to perform a phenomenological analysis, we use leptonic decay of pseu-
doscalar mesons. In the PA-2HDM, the spontaneous CP symmetry is absent and
the VEVs v1 and v2 are real. At tree level, the only non-standard contribution
to processes of the form P 0 → `+`−, where P 0 is a neutral pseudoscalar meson
(B0s,d,K
0
L) and `
± a charged lepton (e, µ), comes from the interchange of the pseu-
doscalar A0, reducing the number of free parameters to the ratio of the VEVs,
tanβ = v2/v1, the mass of the pseudoscalar MA and the non standard couplings
χ˜f2,ij (f = d, `). Note that at low energies (when the A
0 is intregrated out to get an
effective Hamiltonian), this pseudoscalar interaction might represent a parametriza-
tion of a general pseudoscalar coupling where MA is the scale of NP contributions
to the leptonic decays of mesons. Although charged scalars contribute only at the
one loop level,36 if we assume that the Yukawa parameters and masses of all scalars
are similar, their one loop contribution is very small compared with tree-level neu-
tral currents. In scenarios where the masses of charged and neutral scalars are very
different, we need to take into account higher-order diagrams.
In general, the Wilson operators that contribute to leptonic decays of pseu-
doscalar mesons at low energies are:37
OqfqiV = (q¯fγµPLqi)
(
l¯Bγ
µlA
)
,
OqfqiA = (q¯fγµPLqi)
(
l¯Bγ
µγ5lA
)
,
O′qfqiV = (q¯fγµPRqi)
(
l¯Bγ
µlA
)
,
O′qfqiA = (q¯fγµPRqi)
(
l¯Bγ
µγ5lA
)
,
OqfqiS = (q¯fPLqi)
(
l¯BlA
)
,
OqfqiP = (q¯fPLqi)
(
l¯Bγ5lA
)
,
O′qfqiS = (q¯fPRqi)
(
l¯BlA
)
,
O′qfqiP = (q¯fPRqi)
(
l¯Bγ5lA
)
.
(19)
And the effective Hamiltonian can be written as
Heff = −G
2
FM
2
W
pi2
[C
qfqi
V O
qfqi
V + C
qfqi
A O
qfqi
A + C
qfqi
S O
qfqi
S + C
qfqi
P O
qfqi
P
+primed] +H.c..
(20)
When we restrict our analysis to SM and NP tree level pseudoscalar contributions,
only axial and pseudoscalar Wilson coefficients are required. Excluding box and pen-
guin diagrams with off-shell charged scalars, the branching ratio takes the following
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form38
B[P 0q¯f ,qi → l+Al−B ] =
G4FM
4
W
32pi5
f(x2A, x
2
B)MP 0f
2
P 0(mlA +mlB )
2τP 0 [1− (xA − xB)2]∣∣∣∣∣∣
M2P 0
(
C
qfqi
P − C
′qfqi
p
)
(
mqf +mqi
)
(mlA +mlB )
−
(
C
qfqi
A − C
′qfqi
A
)∣∣∣∣∣∣
2
,
(21)
where f(xi, xj) is defined by:
f(xi, xj) =
√
1− 2 (xi + xj) + (xi − xj)2, (22)
with xi =
mli
MP0
. The SM contributions to the branching ratio are contained in
the Wilson coefficient CA.
38 This calculation is reported in the literature for the
pseudoscalar meson B.39–41
The couplings with the pseudoscalar A0 are given using the parametrization in
Diaz et al.9
ΓA0qfqi =
i
2
[
−mi tanβδfi +
√
mqimqf√
2 cosβ
χ˜d2,qfqi
]
, (23)
ΓA0`A`B =
i
2
[
−m` tanβδAB +
√
m`Am`B√
2 cosβ
χ˜`2,`A`B
]
, (24)
where the first term in each equation do not contribute to the FCNC and corre-
sponds to the modification of the 2HDM-II over the SM; the second term contains
flavor violation and it is proportional to the second Yukawa matrix as a consequence
of the chosen parametrization. It is easy to deduce that at low energies
CP − C ′P =
−i
m2A
ΓA0qiqfΓA0`A`B . (25)
Now, we choose the decays with FCNC that have contributions from the textures
matrices in Table 1. The channels listed in Table 2 were chosen because their branch-
ing ratios have been measured with specific experimental errors allowing us to find
a clear-cut valid range for the free parameters.
Table 2. Experimental measurements
of the branching ratios for pseudoscalar
neutral meson decays with flavor viola-
tion.1,42
Channel Branching Ratio
K0L → µ+µ− 6.84± 0.11× 10−9
K0L → e+e− 9±64 ×10−12
B0 → µ+µ− 1.6± 1.6× 10−10
B0s → µ+µ− 2.8±0.80.7 ×10−9
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In order to obtain the allowed regions for χ˜q2,ij and c’s, we perform a simple
numerical analysis. We build the function
ξ˜2(tanβ,MA, χ
d,`
2,ij) =
1
N
N∑
a=1
(Bexpa − Btha )2
(∆Bexpa )2
, (26)
where N is the number of channels with neutral flavor violation and the theoretical
branching ratio Btha (tanβ,MA, χd,`2,ij) involves a minimal set of χd,`2,ij couplings. The
regions are obtained by using the restriction ξ˜2 ≤ 1.
The allowed region obtained from (26) depends on the order of magnitude of the
c’s parameters. We estimate the range of values from neutral meson mixing bounds.
Due to our analysis is only significative when it is posible to separate the long
distance from short distance contributions, we extract the order of magnitude for
the c’s parameters from the B0s,d−B¯0s,d mixing, where long distance contributions are
very small, because b- and d-quarks masses are small compared with the electroweak
scale and the top quark mass.25 The most general effective Hamiltonian for ∆B = 2
processes we can be writen as23
H∆B=2eff =
∑
q=s,d
(
5∑
i=1
CqiOqi +
3∑
i=1
C˜qi O˜qi
)
, (27)
with
Oq1 =(b¯αγµPLqα)(b¯βγµPLqβ),
Oq2 =(b¯αPLqα)(b¯βPLqβ),
Oq3 =(b¯αPLqβ)(b¯βPLqα),
Oq4 =(b¯αPLqα)(b¯βPRqβ),
Oq5 =(b¯αPLqβ)(b¯βPLqα),
(28)
where α and β are color indices. The 6-dimensional operators O˜qi are obtained from
expressions (28) by the exchange PL → PR. Nevertheless, due to parity invariance in
QCD, these operators lead to the same matrix elements than those without tilde.24
Thus, the mass splitting has two contributions written as
∆Mq = ∆M
SM
q + ∆M
NP
q . (29)
The SM contribution to B0s,d − B¯0s,d mixing is given only by the operator
(Oq1)R(mb) renormalized with a widely known expression in terms of the bag pa-
rameter for the Vaccum Insertion Approximation43 and at the scale µ = mb
∆MSMq (mb) =
GFM
2
WmBq
6pi2
|λtq|2S0(xt)η2,Bf2Bq BˆBq , (30)
where S0(xt) is the Inami-Lim function and λtq = VtqV
∗
tb. To parameterize ∆M
NP
q
contribution we follow D. Bec´irevic´, et. al,23,44,45 where the renormalized matrix
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elements of the operators (28) hves been calculated. We are interested in the pseu-
doscalar contribution at tree level, and up to this order we obtain
∆MNPq (µ) = |CNP|
M2Bqf
2
Bq
[mb(µ) +mq(µ)]
2σ(µ), (31)
where we have define σ(µ) = |− 524B2(µ)+ 124B3(µ)+ 124B4(µ)+ 112B5(µ)| and Bi(µ)
(for i = 2, 3, 4, 5) are the renormalized bag parameters at the scale µ (µ = mb). The
coefficient |CNP| is calculated at the low energy limit of the generic 2HDM and have
the form
|CNP| = 1 + tan
2 β
2M2A
|Y˜ q2,ij |, (32)
where Y˜ q2,ij is the corresponding Yukawa matrix element in the mass basis. Thus
the upper bound for |χ˜d2,bq| is given by
|χ˜d2,bq| ≤
(
2M2A
1 + tan2 β
)
v(mb +mq)
2
√
mbmqM2Bqf
2
Bq
EBq
σ(mb)
. (33)
The valid interval for |χ˜d2,bq| depends on the parameter EBq = |∆MSM−∆MExp|−√
δ2(∆MSM) + δ2(∆MExp), where we have added by quadrature the errors from
the SM and the experiment. In figures (1) and (2) we present the general updated
behavior of this bound with respect to tanβ and the pseudoscalar mass M0A. It is
worth mentioning that this bound is independent of any particular assumption and
can be used in any other version of the 2HDM with FCNC at tree level.
We find the maximum order of magnitude for the c’s parameters of the equations
(11- 18) asking that, given certain pseudoscalar mass and a specific value for tanβ,
the allowed region in the space |χ˜d2,qb| vs |χ˜`2,µµ| calculated from the channels Bs,d →
µ+µ−, is below the bound given by the restriction (33).
We want to point out that the assumption to use the same parameters c’s in the
quark and leptonic sector allows us to introduce a light pseudoscalar mass because
the bound for |χ˜d2,bq| (q = s, d) implies a bound on the leptonic sector and the
combined effect renders small values for the factor |ΓA0qiqfΓA0µµ| in the equation
(25). Also, if the order of magnitude for |χ˜d2,bq| become very small, it is an indication
that the corresponding symmetry is not favored by the phenomenology.
In figure 3 we show, for a light pseudoscalar mass (∼ 250 GeV), the behavior
of the allowed regions generated by the B0d → µ+µ− channel respect the order of
magnitude for the c’s parameters. These regions are delimited on the above by the
order of magnitude of the cU , cU0 and c
U
3 parameters and on the right-hand side
by the relation between the parameters χd2,db and |χ`2,µµ| (see Appendix 4), that is
a consequence of our model. For the case of U-Spin, we choose cU0 , c
U
3 , c
U ≤ 10−3.
Also, we note that the upper bound of |χ˜`2,µµ| is always below the order of magnitude
for |χ˜d2,db|.
In figure (4), we show a similar analysis for the V-Spin case. Here, the order of
magnitude for cV , cV0 and c
V
3 is of the order ∼ O(102) and it has a similar behavior
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Fig. 1. Here, we show the behavior of the bound on |χ˜d2,bd|, that comes from (a) Bd− B¯0d mixing
in terms of tanβ. Also we show the corresponding bound on |χ˜d2,sb| from (b) Bs − B¯0s mixing in
terms of tanβ. We observe how the the bound decrese for bigger values of tanβ. The optimistic
bound for MA0 ∼ 250GeV and for small values of tanβ is of the order of ∼ O(10−3)
than the former case. Nevertheless, the upper bound for |χ˜d2,sb| is below |χ˜`2,µµ|,
unlike the previous case, because the hierarchy of masses of the involved fermions
in V-Spin is different respect the U-Spin case. For the Iso-Spin case, we consider
an optimistic order of magnitude for cI , cI0 and c
I
3 taken from the U-Spin and V-
Spin cases, that is ∼ O(10−2). Now, we proceed to analyze every texture using the
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Fig. 2. Here, we show the behavior of the bound on |χ˜d2,bd|, that comes from (a) Bd−B¯0d in terms
of the mass of the pseudoscalar MA0 . Also we show the corresponding bound on |χ˜d2,sb| from (b)
Bs − B¯0s mixing in terms of the pseudoscalar masss M0A. In both cases the upper bound on the
χ˜’s parameters are of the order O(10−4) for MA0 ∼ 250GeV.
restrictions calculated before from equation (26) and the bound in (33).
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(a)
(b)
Fig. 3. In these plots, we show the allowed regions in the space |χ˜d2,bd| vs |χ˜`2,µµ| from the
B0d → µ+µ− channel with a light pseudoscalar mass for different range of values for the parameters
cU ’s and for (a) tanβ = 0.1 and (b) tanβ = 10. The shaded region is forbidden by the restriction
(33). The allowed parameters region completely contained below this bound is the one where
cU , cU0 , c
U
3 ≤ 10−3.
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(a)
(b)
Fig. 4. Here, we show the allowed regions in the space |χ˜d2,sb| vs |χ˜`2,µµ| from the B0s → µ+µ−
channel with a light pseudoscalar mass for different values for the parameters c’s and for (a)
tanβ = 0.1 and (b) tanβ = 10. The shaded region is forbidden by the restriction (33). The allowed
parameters region completely contained below this bound is the one where cV , cV0 , c
V
3 ≤ 10−2.
3.1. V-Spin texture
In the V-Spin texture, we only have contributions coming from the coupling between
second and third generation, i. e. the NP contribution is on the Bs → µ+µ− channel.
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We found, as it was shown in the previous section, that the upper bound of |χ˜d2,sb|
displays a behavior, with respect to |χ˜`2,µµ|, that can be explained in two parts once
tanβ and the mass MA are fixed. For small values of |χ˜`2,µµ|, the parameter |χ˜d2,sb|
increases to a maximum value, then it decreases monotonically as shown in figure
(5) for a light pseudoscalar mass and in figures (6) and (7) for the typical heavy
pseudoscalar masses, i. e. 1 TeV and 10 TeV respectively.
As it is expected, bigger regions are obtained for small values of tanβ and for
masses of the order MA0 ∼ O(10TeV) and the regions are essentially independent
of tanβ.
Fig. 5. Parameter space for the V-Spin texture in a light pseudoscalar mass scenario (MA0 = 250
GeV). In this texture, the only FCNC contribution for leptonic meson decay is on B0s → µ+µ−.
The plotted regions were obtained for tanβ = 0.1, 1, 10. The region for values tanβ ≥ 1 are not
sensitive to this parameter.
This maximum value for |χ˜d2,sb|, that depends on the chosen values for tanβ and
MA0 , allows us to compare this prediction with previous analysis in versions with
NFC and 2HDM-III.
3.2. U-Spin texture
In the U-Spin texture, the contribution is on B0d → µ+µ−. This case is characterized
by the fact that the coupling depends on the ratio of highly hierarchical masses,
where we have obtained
|χ˜q2,13| = |cU |
∣∣∣∣√mdmb (cU0 + cU3 ) +
√
mb
md
(cU0 − cU3 )
∣∣∣∣ , (34)
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Fig. 6. Parameter space for the V-Spin texture with a pseudoscalar mass MA0 = 1 TeV. In
the V-Spin texture, the only FCNC contribution for leptonic meson decay is on B0s → µ+µ−.
Comparing this plot with figure (5), we note that for masses ≤ 1 TeV, the dependence on MA0 is
weaker.
Fig. 7. Parameter space for the V-Spin texture with a heavy pseudoscalar mass MA0 = 10 TeV.
In this texture, the only FCNC contribution for leptonic meson decay is on B0s → µ+µ−. For
pseudoscalar masses of this scale, the parameter tanβ is not important for values ≤ 10.
thus the parameter |χ˜q2,13| is dominated by the first term when cU0 ' cU3 and it is
very small due to the factor
√
md
mb
. The behavior is shown in Figures (8-10).
In general, this channel constrains more NP contributions with a light pseu-
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Fig. 8. Parameter space for the U-Spin texture in a light pseudoscalar mass scenario (MA0 = 250
GeV). In this texture, the only FCNC contribution for leptonic meson decay is on B0d → µ+µ−.
The plotted regions were obtained for tanβ = 0.1, 1, 10. The region for values tanβ ≥ 10 is very
small, thus a scenario with big tanβ and light pseudoscalar mass is no favored. In general, for this
case, the complete region is small compared with the other cases.
Fig. 9. Parameter space for the U-Spin texture with a pseudoscalar mass MA0 = 1 TeV. In
the U-Spin texture, the only FCNC contribution for leptonic meson decay is on B0d → µ+µ−.
Comparing this plot with figure (10), we note that for masses ≥ 1 TeV, the dependence on MA0
is weaker.
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Fig. 10. Parameter space for the U-Spin texture with a heavy pseudoscalar mass MA0 = 10 TeV.
In this texture, the only FCNC contribution for leptonic meson decay is on B0d → µ+µ−. For
pseudoscalar masses of this scale, the bigger region is obtained for tanβ ' 0.1
doscalar mass. This results means that U-Spin is not favored by the phenomenology
in this scenario. Nevertheless, as it is noticed in figure (10), the upper bound on
|χ˜d2,db| can be of the order ∼ O(1) for MA0 ∼ 10 TeV. This is not a new result, but
it coincides with analysis done by other authors in generic versions of the 2HDM.
Our model shed an upper bound for |χ˜`2,µµ| of the order ∼ O(10−2) for this texture.
3.3. Iso-Spin Texture
In this texture, the first and second generations are mixed and the channels that
have NP contributions are KL → µ+µ− and KL → e+e−. The form factors un-
certainties are relevant for this particular decay. We will focus in the KL → µ+µ−
channel because it has the smallest theoretical uncertainty.46 The proccess with 2
electrons in the final state provides no new information about the |χ˜qsb| limits. In
order to analyze the case of Iso-Spin, we need to take into account the different
contributions to KL → µ+µ−. In this case the branching ratio can be decomposed
in two contributions
B(KL → µ+µ−) = |ReALD +ReASD|2 + |ImA|2 (35)
The first term in (35) is called the dispersive contribution to the decay and contains
electroweak FCNC up to one-loop SM diagrams and possible NP contributions.
Also, there is a contribution coming from process with virtual photons that can be
dismissed. In order to use this decay to bound NP parameters, we need to calculate
the second term. This last term is called the absortive part and it is controlled
in a model independent way by the branching ratio of KL → γγ process.This
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contribution, in the unitary gauge, can be calculated as follows47,48
|ImA|2 = α
2
EMm
2
µ
2M2Kβµ
[
ln
1− βµ
1 + βµ
]2
BR(KL → γγ), (36)
where βµ =
√
1− 4m2µ
M2K
. Using updated experimental results for BR(KL → γγ), we
obtain that the absorptive contribution is given by
|ImA|2 = (6.53± 0.04)× 10−9. (37)
The experimental value1 BR(KL → µ+µ−) = (6.84 ± 0.11) × 10−9, leads to the
dispersive part
|ReALD +ReASD|2 = (3.03± 1.20)× 10−10, (38)
where we have added the errors by quadrature. Using this result, we can bound
|χ˜d2,bd| because the coupling with the pseudoscalar is part of the short distance
contribution. In figures (11), (12) and (13), we show the result for this texture. For
pseudoscalar masses below 1 TeV, there is no significant dependence on tanβ and
the bounds. On the other hand, as it is expected, for masses of the order 10 TeV,
the allowed region gives an upper bound to 10−1 whether for |χ˜d2,ds| and for |χ˜`2,µµ|.
Fig. 11. Parameter space for the Iso-Spin texture with a light pseudoscalar mass scenario (MA0 =
250 GeV). In this texture, we use only the short distance contribution to K0L → µ+µ− in order
to bound |χ˜d2,ds|. The plotted regions were obtained for tanβ = 0.1, 1, 10. The regions are not
significantly dependent on tanβ. In this case, the order of magnitude of the upper bound for
|χ˜d2,ds| is always below the one for |χ˜`2,µµ| .
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Fig. 12. Parameter space for the Iso-Spin texture with a pseudoscalar mass MA0 = 1 TeV.
Comparing this plot with figure (11), we see that both scenarios are similar for light pseudoscalar
masses up to MA0 ∼ 1 TeV.
Fig. 13. Here, we show the parameter space for the Iso-Spin texture with a heavy pseudoscalar
mass MA0 = 10 TeV. Only the short distance contribution were taken into account to bound
|χ˜q2,ds| and |χ˜`2,µµ|. The dependence in tanβ does not change the size of the region, nevertheless,
this case renders the bigger allowed region compared with the cases where MA0 ≤ 1 TeV.
4. Conclusions
This work is summarized as follow
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• We have taken the parametrization of the PA-2HDM to introduce Yukawa
matrices generated through flavor transformations belonging to subgroups of
SU(3). These subgroups are Iso-Spin, U-Spin and V-Spin. With this restricted
set of transformations, we generate couplings that mix pairwise the generations
of fermions. In this context, we analized the phenomenology of leptonic decay
of the mesons B0s,d and K
0
L going to a pair of muons.
• Also, we reach a severe reduction of free parameters compared with the 2HDM-
III to describe small FCNC, introducing a parallel texture between quarks and
leptons. This assumption leads, not only to a scenario similar to a universal tex-
ture, but also to a relation between Yukawa couplings in the quark sector with
the couplings in the leptonic sector. This was done using the same parameters
of the flavor transformations in both sectors. The order of magnitude for the
parameters were determined using the bounds impose by B0s − B¯0s and B0d− B¯0d
mixing.
• For a relatively light mass for the pseudoscalar A0 (mA ∼ 250GeV), the imposed
flavor symmetry generates very small FCNC and in some cases null. The small
upper bounds obtained for |χ˜d2,qb| (q = s, d) from B0s,d mixing, affects the upper
bound on |χ˜`2,µµ|. The combined effect of these bounds is the suppression of the
branching ratios of B0s → µ−µ+ and B0d → µ−µ+. We analized the cases with
masses of 1 TeV and 10 TeV for values of tanβ where such bounds significantly
change.
• Updated values for the decay constant fK and the branchig ratio for K0L → γγ
have been used to calculate the short distance contributions to K0L → µ+µ−.
We have obtained a bound to constrain the short distance contribution, coming
from the exchange of the pseudoscalar of the 2HDM. With this value, we have
delimited numerically |χ˜d2,sd| and |χ˜`2,µµ| for the Iso-Spin texture, assuming that
the parameters of the flavor transformations of Iso-Spin, i. e. cI , cI0 and c
I
3, are
of the same order of magnitude than in the cases of V-Spin and U-Spin.
In this analysis, we have demostrated that a light pseudoscalar mass (MA0 ∼ 250
GeV) with a flavor symmetry, parameterized by restricted flavor transformations
of SU(3), can generate small FCNC. Also, a parallel structure of Yukawa matrices
between quarks and leptons could explain the suppressions but it is not the only
scenario. The order of magnitude of the upper bounds obtained for |χ˜d2,ij | and |χ˜`2,µµ|
are competitive with those found in other analysis in the context of the 2HDM-III.
The results showed in figures (5-13) are not enough to determined if one of the
specific Yukawa texture analized in this work, is favored by the phenomenology.
Nevertheless, the relevant result of this work is the introduction of a parametrization
that bounds leptonic flavor violating processes from FCNC in the quark sector.
Other scenarios and more observables must be analized in order to restrict more
the regions shown in previous sections.
As we mention before, only the Bs → µ−µ+ channel is sensitive to the V-
spin contributions, the channel Bd → µ−µ+ to U-spin, and the channel KL →
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µ−µ+ to Iso-spin. The texture leads to FCNC in agreement with the experimental
measurements with only 3 parameters for every case. In particular, for the case
of parallel textures between down-type quarks and leptons, where parallel textures
mean that both have the same pattern of zeros, the parameters χ˜’s take simple forms
weighted by the square root of the quark masses ratio involved in the corresponding
decay.
In general, we have demostrated that the upper bound on the |χ˜q2,ij | have a
behavior regulated by 3 free parameters (c’s), the fermion mass ratios, the pseu-
doscalar mass mA and tanβ. For the Bs,d and KL channels, |χ˜q2,ij | rises for small
values of |χ˜`µµ|, attaining a maximum value and decreasing thereafter.
Also, we found that if a pseudoscalar with a relatively small mass and an extra
U(1) flavor symmetry exist, the branching ratios of leptonic meson decays might
not be sensitive to the NP with the current experimental precision.
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Appendix A
We have used the same values for parameters c’s to calculate the |χ˜d2,ij | and χ˜`2,ij .
Through the expressions (7-18), we can obtain relations between the |χf2,ij | param-
eters. Here, we show the explicit expressions for all the cases studied before. These
expressions allow us to bound the |χ˜`2,µµ| as it was describe in section 3. In order to
simplify the notation, we have omitted the index in the masses that indicates the
corresponding sector.
4.1. Iso-Spin
cI0 =
√
χ˜f2,33 (39)
cI3 =
(m21 +m
2
2)
√
χ˜f2,33
m22 −m21
±
√
m41χ˜
f
2,11 +m
4
2χ˜
f
2,22 −m21m22(χ˜f2,11 + χ˜f2,22 − 4χ˜f2,33)
m22 −m21
(40)
cI =
√
m1m2
m22 −m21
[
(m22 −m21)(χ˜f2,11 − χ˜f2,11)− 4(m22 +m21)χ˜f2,33
±2
√
χ˜f2,33
√
m41χ˜
f
2,11 +m
4
2χ˜
f
2,22 −m21m22(χ˜f2,11 + χ˜f2,22 − 4χ˜f2,33)
]1/2
(41)
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4.2. U-Spin and V-Spin
To obtain the expresions for the U-Spin case, we have to exchange χ˜f2,33 → χ˜f2,22 and
m2 → m3 in equations (39-41). And for the V-Spin case, the exchange χ˜f2,11 → χ˜f2,22
and m1 → m2 from the corresponding expressions for U-Spin.
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